Interferon-gamma, encoded by IFNG, is a key immunological mediator that is believed to play both a protective and a pathological role in malaria. Here, we investigate the relationship between IFNG variation and susceptibility to malaria. We began by analysing West African and European haplotype structure and patterns of linkage disequilibrium across a 100 kb genomic region encompassing IFNG and its immediate neighbours IL22 and IL26. A large case-control study of severe malaria in a West Africa population identified several weak associations with individual single-nucleotide polymorphisms in the IFNG and IL22 genes, and defined two IL22 haplotypes that are, respectively, associated with resistance and susceptibility. These data provide a starting point for functional and genetic analysis of the IFNG genomic region in malaria and other infectious and inflammatory conditions affecting African populations.
Introduction
Interferon-gamma (IFNg, encoded by IFNG) plays a central role in the immune and inflammatory response to a wide range of stimuli. It acts to polarise the adaptive immune response towards a T helper (Th) type 1 bias; it is a primary effector molecule of cytotoxic T cells, and is an important mediator of innate immunity. 1, 2 Several studies have reported associations between IFNG polymorphisms and susceptibility to disease. The first intron of the IFNG gene contains a highly polymorphic CA-repeat microsatellite, whose 12 CA-repeat allele is associated with high levels of IFNg production in vitro 3 and has been associated with resistance or susceptibility to various diseases including rheumatoid arthritis, 4 allograft fibrosis in lung transplant recipients, 5 acute graft-versus-host disease 6 and asthma. 7 This microsatellite allele has been associated with a singlenucleotide polymorphism (SNP) allele IFNG þ 874T, which coincides with a putative NF-kB binding site, 8 and has been associated with resistance to tuberculosis. 9, 10 The purpose of this study was to investigate whether genetic variation at the IFNG locus affects susceptibility to malaria, the most important parasitic disease of humans, which infects about one-tenth of the world's population and causes over a million childhood deaths each year in Africa alone. IFNg is thought to be a doubleedged sword in malaria, serving as an essential component of host defence while contributing to the underlying pathology (reviewed in Stevenson and Riley 11 ). In experimental murine malaria, IFNg is critical for antiparasitic immunity, [12] [13] [14] but has also been implicated in the pathogenesis of severe neurological complications [15] [16] [17] and profound malarial anaemia. 18 Children whose cells produced more IFNg after in vitro challenge with Plasmodium falciparum antigen were more likely to experience the clinical manifestations of malaria infection. 19 As the starting point of this study, we investigated the pattern of linkage disequilibrium (LD) and haplotype structure of a 100 kb region of chromosome 12q14 encompassing IFNG, IL26 and IL22. IL22 and IL26 both belong to the IL10 family of cytokines, 20 and IL22, which is produced mainly by activated Th1 cells, acts primarily to increase the innate immunity of tissues. 21 We then selected haplotype-tagging SNPs (htSNPs) to test for disease association in a large case-control study of West African children with severe malaria.
Methods

Marker selection
Public SNP databases and the literature were searched for validated polymorphic markers within a B100 kb region of chromosome 12q14 encompassing IFNG, IL22 and IL26. We selected 20 SNPs (Figure 1a ), mostly with a reported minor allele frequency (maf) 40.1, whose chromosomal coordinates and dbSNP identifiers are given in Table 1 . They included IL22 þ 4582, which results in a Gly/Ser substitution at amino acid 158 of IL22, and some noncoding polymorphisms (IFNGÀ280, IFNGÀ308, IFNG þ 874 and IFNG þ 4640) that have been reported as putative regulatory polymorphisms.
8,22,23
Genotyping SNP genotypes were determined by primer-extension mass spectrometry using the Sequenom MassARRAY r system. 24 The microsatellite in IFNG intron 1 was typed by generating a fluorescent-labelled PCR product of Investigation of malaria susceptibility determinants O Koch et al approximately 110 bp, which was run on an ABI3700 Sequence Analyzer and analysed using the ABI Genescan software. Details of primers and conditions are available on request.
Haplotype analysis
For the initial haplotype analysis, 20 SNPs were typed in 32 Gambian and 32 UK family trios. We then followed the procedure described by Ackerman et al, 25 beginning by identifying pedigrees where phase was unambiguous, and then using the PHASE algorithm to infer the remaining haplotypes. 26 A greedy algorithm 27 implemented in the web utility HaploBlockFinder (http:/ / cgi.uc.edu/cgi-bin/kzhang/haploBlockFinder.cgi) was used to infer haplotype blocks.
To select htSNPs, we used ENTROPY, an algorithm that identifies subsets of markers that effectively capture the total information content of the region, without regard to haplotype block structure (see Ackerman et al 25 and http://www.well.ox.ac.uk/~rmott/SNPS).
Case-control analysis of severe malaria Children with cerebral malaria (CM) and/or severe malaria anaemia (SA) were prospectively recruited at the Royal Victoria Hospital, Banjul, The Gambia. CM was defined as a Blantyre coma score of 2 or less 28 persisting for more than 30 min after any convulsions had ceased in a child with P. falciparum parasites on thick blood film and no evidence of meningitis or any other cause of coma. SA was defined as a PCV less than 15% in a child with P. falciparum parasites on thick blood film. A breakdown of the ethnic groups and the disease groups is shown in Table 2 .
Results
Haplotypic structure and LD of SNPs in the Gambian and UK populations Frequencies of SNP alleles and of haplotypes were estimated in 128 unrelated chromosomes from each population, using the parental alleles of 32 Gambian and 32 UK family trios (Table 1 ). In the UK sample, 14 of the 20 SNPs had maf 40.10 and four were monomorphic. In the Gambian sample, all 20 sites were polymorphic and 12 SNPs had maf 40.10. Five SNPs were at low frequency in both populations (IFNG þ 4640, IFNG þ 3686, IFNGÀ280, IFNGÀ308 and IL22 þ 4582), and all other SNPs had maf 40.10 in at least one population.
Supplementary Table 1 shows 67 haplotypes identified in the Gambian sample and 47 haplotypes in the UK sample. In all, 14 haplotypes were found in both populations, accounting for 28% of all Gambian haplotypes and 41% of all the UK haplotypes. Figure 2 shows the frequency distribution of haplotypes in the two populations: most haplotypes were present at very low frequency, consistent with significant recombination across this 100 kb region.
The pattern of LD is shown in Figure 3 . D 0 values show that in both the UK and Gambian populations, there is relatively high LD within the IFNG and within the IL22 loci, but that there is relatively low LD between the two loci, with the exception of low-frequency SNPs, which are known to be prone to artefactually elevated D 0 values. It is of interest that rs2430561 (IFNG þ 874), which has been implicated in disease susceptibility, [8] [9] [10] was in strong LD with other markers across the IFNG gene. However, the low D 2 values signify that, despite high LD as measured by D 0 , disease associations emanating from the IFNG locus could easily be missed if a random IFNG SNP was assayed, due to discrepancies in allele frequency.
In Figure 4 , pairwise measures of LD are plotted against physical distance. The decline of D 0 over distance is approximately similar in the UK and Gambian populations, whereas the average value of D 2 is higher in the UK population both at short and long distances.
Identification of haplotype blocks and htSNPs
To depict the haplotype block structure of the region, we used a greedy algorithm set to achieve chromosomal coverage of 490% in each block. As shown in Figure 1b , haplotype blocks are confined to individual genes. In all, The ENTROPY algorithm was used to identify the subset of htSNPs that most effectively captured the information content within each haplotype block. 25 At the IFNG locus, a minimum of five htSNPs was required. In the Gambian population, this comprised ) in Caucasian (left) and African (right) individuals. Arrowed SNPs in the African population were not polymorphic in the Caucasian population. Maps were generated using the www.gmap.nct website.
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IFNG þ 5612, IFNG þ 3234, IFNG þ 2200, IFNGÀ1616 plus a fifth marker (either IFNG þ 5173 or IFNG þ 874). In the UK population, any of the following combinations was effective:
Note that IFNG þ 5612 needs to be included in all combinations, and in view of previous studies, it is interesting that IFNG þ 874 could be substituted for other markers.
At the IL22 locus, a minimum of five htSNPs was required in Gambians, namely IL22 þ 4582, IL22 þ 2611, IL22 þ 708, IL22À485 and IL22À1394. In the UK, two htSNPs were required, consisting of IL22 þ 5697 and any of other IL22 SNPs apart from IL22 þ 4582. This reflects the limited number of IL22 haplotypes in the UK sample.
Association of individual htSNPs with severe malaria Based on the above findings, we focused on 12 htSNPs: five at IFNG, two around IIL26 and five at IL22. These were genotyped in 676 samples from Gambian children with severe malaria and 459 samples from population controls. All markers were in Hardy-Weinberg equilibrium, with the exception of a minor deviation for the low-frequency marker IIL26À11252 (Supplementary  Tables 2-13) . w 2 analysis for each SNP in the IFNG locus did not reveal any significant association with severe malaria (Supplementary Tables 2-6 ). Results with P-values of o0.1 were further analysed by stratifying for ethnicity using the Mantel-Haenszel test for odds ratios (OR) across strata. 29 At the IFNG locus, only IFNG þ 5612 (P ¼ 0.036 for SMA) reached significance (Supplementary Table 16 ). When we restricted the analysis to Mandinka, the largest ethnic group IFNG þ 2200C was associated with severe malaria overall (P ¼ 0.01; OR 2.29, 95% confidence interval (CI) 1.16-4.61), and IFNGÀ1616C was weakly associated with CM in Mandinka (P ¼ 0.05; OR 1.36, 95% CI 1.00-1.86) (Supplementary Tables 14  and 15) .
No association was found for the two IL26 SNPs (Supplementary Tables 7 and 8) .
At the IL22 locus, across all ethnic groups IL22 þ 708T was associated with protection against SA (P ¼ 0.016; OR 0.72, 95% CI 0.56-0.93), which remained after stratification for ethnicity (P ¼ 0.037). The IL22À1394G allele was weakly associated with CM (P ¼ 0.05; OR 1.24, 95% CI 1.00-1.54), but not after ethnic stratification (P ¼ 0.062) (Supplementary Tables 9-13 and 16 ).
Investigation of microsatellite association with severe malaria The CA-repeat microsatellite in the first intron of IFNG 30 was genotyped, and the allelic spectrum was found to be more diverse in the Gambian population (range 9-18 repeats) than in the UK population (range 12-15 repeats). The frequency distribution did not differ significantly between cases of severe malaria and Gambian population controls (Supplementary Table 17 ).
Haplotype associations with severe malaria In IFNG, the PHASE algorithm was used to construct haplotypes for the five htSNPs plus or minus the intronic microsatellite. Haplotypes with 45% frequency are shown in Supplementary Table 18 . The most common microsatellite alleles were 12 and 13 CA repeats. The 12-repeat microsatellite allele was in strong LD with the IFNG þ 3234T allele in the Gambian population, and it fell onto two major haplotypes, which were discriminated by IFNG þ 874. The 13-repeat microsatellite allele fell onto four major haplotypes. No IFNG haplotypic associations were identified with severe malaria, irrespective of whether the microsatellite allele was included in the haplotypic analysis.
In IL22, haplotypes were constructed using five htSNPs as shown in Supplementary Table 19 . There were six haplotypes of frequency 45%. Haplotype 3, comprising IL22À1394A, IL22À484G, IL22 þ 708T, IL22 þ 2611A and IL22 þ 4582T, was associated with protection against severe malaria (P ¼ 0.004; OR 0.68, 95% CI 0.52-0.89). Based on the initial population study, this haplotype also carries IL22 þ 1254A and IL22 þ 5697T. Haplotype 4, comprising IL22À1394G, IL22À485G, IL22 þ 708C, IL22 þ 2611T and IL22 þ 4582T alleles, was associated with susceptibility to severe malaria (P ¼ 0.006; OR 1.44, 95% CI 1.11-1.87), again from the initial population study, this haplotype also carries IL22 þ 1254A and IL22 þ 5697A. All the nominally significant associations remained after stratification for ethnicity by Mantel-Haenszel test 29 (Supplementary Table 19 ). The observed resistance and susceptibility haplotypes at IL22 thus differ at four out of seven positions.
Discussion
The 12 CA-repeat microsatellite in the first intron of IFNG has been associated with high levels of IFNg Investigation of malaria susceptibility determinants O Koch et al production by peripheral blood mononuclear cells (PBMC) 3 and with a wide range of inflammatory diseases. [4] [5] [6] [7] Although IFNg is known to play an important role in antiparasitic host defence as well as the pathogenesis of severe malaria, 11 we found no evidence of association between this microsatellite and susceptibility to severe malaria.
However, this does not rule out an association between malaria and genetic determinants of IFNg production, as published studies of association between the microsatellite and IFNg production have been performed mainly in Caucasian individuals, 3 as were the data showing extremely strong correlation between the 12 CA-repeat allele and the IFNG þ 874T allele, which is located at a putative binding site for the transcription factor NF-kB. 8 In this study, we found that the 12 CA-repeat allele is less common in the Gambian than in the UK population, and we did not identify any strong relationship between the IFNG þ 874 polymorphisms and the microsatellite in intron 1. Therefore, it would be interesting to repeat the studies of IFNg production by PBMC in an African population, as disease associations with this microsatellite may well depend on population-specific patterns of LD with functional polymorphisms in other parts of the IFNG locus, which as shown here are different in Europeans and Africans populations.
We found no evidence of a strong association between severe malaria and the IFNG markers tested in this study, including the IFNG þ 874 polymorphism, even after stratification for ethnicity. Weak associations with individual IFNG SNPs were identified in Mandinka, the largest ethnic group in the Gambia. However, none of these associations would be significant after correction for multiple comparisons. As a guide to the size of study required to validate these relatively weak associations with 80% power, group sizes of 2300 cases and 2300 controls would allow the detection of an OR of 0.6 for a maf of 0.3 (http:/ /statgen.iop.kcl.ac.uk/gpc/cc2.html).
It might have been expected that an analysis of five highly informative SNPs plus a microsatellite would show more evidence of association with malaria, in view of the known importance of IFNg in malaria, but we cannot exclude the possibility that there exist functional IFNG polymorphisms that were not effectively tagged by this set of markers, and further studies of the locus are warranted.
Haplotypic analysis of this genomic region showed low levels of LD between IFNG and IL22; therefore, these two loci were analysed separately for association with severe malaria. Out of five SNPs typed at the IL22 locus, it was found that the IL22 þ 708T allele was associated with protection against severe anaemia (OR 0.72) and the IL22À1394G allele was weakly associated with susceptibility to CM (OR 1.24). This may be a haplotypic association, as a haplotype carrying the IL22À1394A and the IL22 þ 708T alleles was associated with protection, while a haplotype carrying the IL22À1394G and the IL22 þ 708C alleles was associated with susceptibility to severe malaria. This is, as far as we know, the first evidence that IL22 may play a role in malaria. It is a cytokine of the IL10 family, 20 produced by Th1 cells. Its properties include activation of STAT1 and STAT3 and upregulation of acute phase reactants. It has been thought to act mainly at the level of peripheral innate immunity, 21 but it is possible that in malaria, it plays a different role. Our data indicate that future studies are warranted on denser sets of markers to elucidate any functional variants. Furthermore, as mentioned, in order to detect small but important effects when testing many polymorphisms, much larger group sizes will be needed in order to examine these potentially important associations in greater detail.
